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abstract
This article illustrates the benefits of using PSoC microcontrollers for 
biomedical applications such as: electromyography (emG), electroen-
cephalography (eeG) and electrocardiography (eCG). The article also 
describes the steps to be followed for the implementation of biomedical 
equipment capable of capturing the different types of bio-potentials ge-
nerated from the human body. These steps include: signal conditioning, 
filter design, signal digitalization, data communication and visualiza-
tion. Finally, a low-cost electromyography device design is shown. The 
design easily serves as a device for either electroencephalography or 
electrocardiography, always using a lower amount of electronic compo-
nents than regular equipment.
Key words
biomedical Instrumentation, microcontroller, PSoC, analog Filter, Di-
gital Filter.
71
biomeDiCal iNsTrUmeNTaTioN aPPliCaTioNs UsiNg PsoC miCroCoNTrollers 
A CASE-STUDY
VISION
electronic vision - year 7 number 1 pp. 70 - 81 january -june of 2014 
1. introduction
most of the time it is necessary to measure 
the bioelectric potentials that are generated 
as a result of electrochemical activity of cer-
tain cells; for instance, the cells of nervous, 
muscular and glandular tissues. The measu-
re of this kind of bioelectric phenomena is 
used to observe the electrochemical activity 
of those tissues. There are different com-
mon medical tests to analyze these kinds 
of bioelectric signals, such as: electromyo-
graphy, electroencephalography and elec-
trocardiography. all these tests involve low 
voltage signals and high impedance source 
circuits as their main features [1].
When complex projects are developed, it is 
often necessary to use additional peripherals 
such as: instrumentation amplifiers, filters, 
timers, analog to digital converters, etc. The 
implementation of such peripherals carries 
additional difficulties like: the use of new 
components that require extra room, a more 
complex board design, an increase in energy 
consumption, etc. all of these problems can 
directly affect the final development price of 
the Project [2].
The PSoC microcontrollers release has been a 
dream come true for electrical engineers since 
all the requirements of projects can be cove-
red with only one chip. Thus, these devices 
combine analog and digital blocks, integrating 
amplifiers, timers, aDC and DaC converters 
and communication modules such as rS232, 
uSb, I2C and SPI. Finally PSoC microcontro-
llers also have a useful resource named re-con-
figurability; this feature is equivalent to having 
different electronic devices in a single device. 
2. Methodology
2.1 Psoc: Programmable system on chip
The PSoC represents a new concept in the 
microcontroller development, besides all 
elements commonly found in 8-bit microcon-
trollers; the main feature of PSoC is the pro-
grammable analog and digital blocks, which 
allow the implementation of a lot of different 
peripherals using the same hardware. 
Digital blocks are composed by smaller pro-
grammable blocks that can be configured to 
allow different development options. analog 
blocks are used for the analog elements deve-
lopment such as: analog filters, comparators, 
amplifiers (inverted, non-inverted, instru-
mentation, etc.), analog to digital and digital 
to analog converters. There is a large num-
ber of PSoC families on which is possible to 
develop different projects, depending on the 
requirements of each project. The difference 
between those families is the amount of pro-
grammable blocks and input/output pins [2].
Figure 1. General structure of Psoc 
source: [2].
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PSoC microcontrollers are based on 8-bit 
CISC architecture. The general structure 
with the basic blocks is described in Figure 1. 
The main characteristics are of these micro-
controllers are as follows:
•	 maC unit, 8x8 hardware multiplication 
with 32 bit accumulator, adjustable voltage 
from 3.3 to 5 volts, selectable processor 
frequency.
The main characteristics of the program-
mable blocks are:
•	 16 K bytes programmable memory, 256 
bytes of ram memory.
•	 aD converter with 14 bit of maximum 
resolution and Da converter with 9 bit of 
maximum resolution.
•	 Programmable voltage amplifiers, pro-
grammable filters and comparators, cou-
nters and timers of 8, 16, 24 and 32 bit, 
accurate voltage reference, combining 
blocks option.
•	 2 uarT’s (universal asynchronous re-
ceiver-Transmitter) full duplex, multiple 
SPI devices. I²C master-slave and multi-
master with 400 kHz speed.
•	 For each pin there are: Pull up, Pull down, 
High Z, Strong and Open pin states.
•	 Interruption generation possibility during 
the state change of any input- output pin 
[2].
•	 Frequency generator for the CPu and pro-
grammable blocks. With inner or external 
reference oscillator.
•	 reset controller module. 
•	 Watch Dog Timer module to detect soft-
ware dead loops.
•	 Sleep timer module to wake up the micro-
controller from save energy modes. It can 
be used as regular time counter.
•	 Programmable digital and analog blocks.
•	 Voltage reference module to work along 
with the programmable analog blocks.
•	 SmP system. This one works as a part of 
a voltage regulator. For example, it is pos-
sible bring energy to the PSoC just with a 
1.5-volt battery.
2.1.1 Programmable Gain 
amplifier (PGa) 
The PGa module (Figure 2) implements a 
non-inverted amplifier with configurable gain 
by the user. This one has high input impedan-
ce, large bandwidth and selectable reference.
Figure 2. Block diagram of PGa module 
source: [3].
The PGa amplifies either an internal or ex-
ternal signal. This module can be referenced 
to as analog ground (VSS). For gains higher to 
one the following holds (1).
  
    
(1)
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2.1.2 two-pole low pass filter (lPF2)
This module implements a 2nd order low pass 
filter also named biquadratic. The cutoff fre-
quency and damping factor are functions of 
clock frequency and values of the selected 
capacitors. any classical configurations such 
as butterworth, bessel or Chebishev can be 
implemented, all of them with a cutoff fre-
quency that is easily adjustable with accuracy. 
It is possible to implement 4th order functions 
or higher (Figure 3), using various LPF2, cas-
cade connected [4].
2.1.3 eight-bit delta sigma analog 
to digital converter (delsiG8)
This module brings an 8-bit conversion with 
2 complements and a 2.6 volts full scale. The 
signal is referenced to analog ground aGnD 
(Figure 4). Its simple frequencies range from 
1.8 Ksps (kilo-samples per second) to 31 
Ksps. The sample rate is determined by the 
sample frequency of the data input. This sort 
of segmented integration converter needs 
127 cycles to generate one output sample [5].
Figure 3. lPF2 Block diagram 
source: [4].
Figure 4. delsiG8 block diagram 
 
source: [5].
74
WilsoN FabiáN UrbiNa roJas - FerNaNDo marTíNez saNTa - Jorge eDUarDo Porras
Universidad Distrital Francisco José de Caldas - Technological Faculty
2.1.4 UsBUart
a lot of embedded applications use rS-232 
interfaces to communicate with external sys-
tems such as computers, especially to debug 
programs. but in the computing world, the 
rS-232 interface is about to be totally repla-
ced by uSb interfaces. The simplest way to 
migrate a particular device to uSb is to emu-
late an rS-232 communication over a uSb 
port. The main advantage of this method is 
that the computer uses the uSb connection 
as a rS-232 COm, which makes program de-
velopment very easy [6].
The uSb-CDC (communication device class) 
is a sort of communication in which the whole 
protocol is implemented to emulate a serial 
port over a uSb port.
2.1.5 re-configurability
Dynamic re-configurability is a powerful and 
exclusive feature of PSoC. This feature allows 
PSoC modules to reuse the analog and digital 
resources to reach a higher level of functiona-
lity. an example is shown as an electric sha-
ve machine, which needs control motors and 
battery charge functionalities; it is possible 
to use a cheap PSoC with limited resources 
to reduce the application cost. using the dy-
namic reconfiguration, the analog and digital 
blocks can be reconfigured to execute a lot of 
different functions; however, just one function 
can be activated at the same time. Figure 5 
shows how a digital module is reconfigured to 
execute various digital functions [7].
Figure 5. digital Block reconfiguration 
source: [7].
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2.2 Biomedical instrumentation
Various clinical exams require an analysis of 
the different signals generated by the body. 
Here, three different types of body signals are 
shown, all of them require basically the same 
treatment and instrumentation.
2.2.1 electromyography (eMG)
electromyography (emG) is the electrophy-
siological study of the neuromuscular system. 
This is the logging of electro-potential signals 
produced in skeletal muscles and captured 
through electrodes. It serves to evaluate the 
state of the nerves that control muscles and 
allows an accurate detection of the compres-
sion level of muscles. It also helps to mea-
sure the displacement speed of the electric 
stimulus, voltage variations and the electric 
noise of muscles or nerves to make a medical 
diagnostics [8].
emG signals have amplitudes from 0.1 to 5 
mV and important frequency components 
ranging from 15 Hz to 500 Hz [9]. The cha-
racteristic shape of these signal is shown in 
Figure 6.
Figure 6. signal from the extender 
forearm muscle
source: own elaboration
emG can be classified according to the test 
protocol applied to patients, namely: resting 
emG for the base electric activity of muscles, 
voluntary emG (that is, the electric activity 
of the muscle during an activity, e.g. muscu-
lar retraction) and emG of evoked potentials, 
which occurs by applying electric pulses that 
stimulate muscle contraction [10].
2.2.2 electroencephalography (eeG)
It is used to analyze the brain electric waves 
though electrodes placed on the scalp. Other 
related procedures measure the evoked po-
tential signals. These procedures are used to 
analyze the brain electric activity generated 
by visual, sound and tactile stimulus [11].
The eeG logs the brain activity patterns. The 
basic types of brain waves are: alpha, beta, 
theta and delta.
•	 The alpha waves have frequencies from 
8 to 12 hertz with a regular rate. These 
waves are present only when the patient 
is awake but with closed eyes. as a rule, 
the alpha waves disappear when the eyes 
are opened or the patient starts to focus 
on something.
•	 beta waves have frequencies from 13 to 
30 hertz. In general these waves are asso-
ciated to anxiety, depression and the use 
of sedatives.
•	  The theta waves have frequencies from 4 
to 7 hertz. These are common on children 
and young adults.
•	 Delta waves have frequencies from 0.5 to 
3.5 hertz. normally these ones are only 
present on children during sleep [11].
2.2.3 electrocardiography (ecG)
electrocardiography consists in the graphical 
logging of the heart electric activity. This analy-
sis gives data from cardiac function, heart rate 
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changes, cavity hypertrophy and helps the diag-
nostic of congenital, infectious, inflammatory, 
metabolic and ischemic heart diseases [12].
Its most important frequency range occurs 
from 10 Hz to 100 Hz and waves may reach 
up to 250 Hz in pediatric patients. 
2.2.4 Biomedical signals conditioning
The procedure described here can be applied 
to emG, eeG and eCG; it is just necessary 
to do small modifications (filter frequencies) 
to adapt the hardware to each exam. Figure 7 
shows the block diagram to follow in order to 
implement a biomedical acquisition system.
Figure 7. Biomedical acquisition system 
source: [10].
2.2.4.1 electrodes
There are two ways to get bioelectric signals, 
namely intracellular and extra-cellular. also, 
there are two sensor types available, namely 
the invasive ones (which have a metal plate 
that is in touch with the skin) and the implan-
table ones (which are made with biocompa-
tible materials and are long-term unalterable 
when in touch with organic fluids).
For eCG and emG signals, non-invasive 
surface electrodes are used with hydrogel 
and ag/agCl (Silver / Silver chloride). These 
electrodes are easily stuck to the skin [13].
2.2.4.2 instrumentation amplifier
an instrumentation amplifier is a voltage-
to-voltage differential amplifier with a highly 
accurate voltage gain. This is an essential 
component of a measurement system, which 
is assembled as an independent functional 
block. This is possible due to its accurate 
functional features that do not suffer modifi-
cations when the instrumentation amplifier is 
assembled along with other components [14]. 
On the other hand, instrumentation ampli-
fiers have these characteristics: 
1. They are differential amplifiers with ac-
curate, stable gain, generally in the range 
from 1 to 1000. 
2. Their differential gain is controlled 
through a unique analog element (resis-
tive potentiometer) or digital element 
(switch), which allows easy adjustments.
3. Their common gain mode is lower than 
the differential one, since the amplifier’s 
Cmrr is extremely high in all the opera-
tive frequency range.
4. Their impedance is high in order to pre-
vent gain from being affected by the sour-
ce input impedance. additionally, the out-
put impedance is low in order to prevent 
gain from being affected by the load con-
nected to the output. 
5. Their low voltage offset level allows wor-
king with very small voltage level signals.
6. The rejection rate to curly signals in the 
power source is significantly high [14].
The reference electrode has been located in a 
totally electric neutral place or with a minimal 
bioelectric muscle activity; the other two are 
located on the muscle to be assessed. both 
active electrodes are connected to the diffe-
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rential amplifier, for amplifying the difference 
between two signals and eliminating any en-
vironment noise signal.
The basic theory of instrumentation amplifiers, 
Figure 8, is defined through a simple equation 
that determines the difference between the 
signals and eliminates the common signals.
Figure 8. Basic theory of 
instrumentation amplifier
source: own elaboration
2.2.4.3 signal filtering
One of the most important phases of signal 
conditioning is the filtering stage, which de-
termines the circuit bandwidth. If the rejec-
ted signals were closed to the target signals 
it is possible that a second order filter is not 
enough, and then it is necessary to imple-
ment a higher-order filter. real filters just can 
approximate real responses. In general, to get 
a closer approximation it is necessary to in-
crease the order of the filter [15].
The characteristics of the biomedical signals 
to be acquired are special. For this reason it 
is necessary to implement the antoniou ap-
proximation for the high-pass filter and the 
butterworth principles for the notch filter 
(band-stop) [9].
The high-pass filter is mainly used to elimi-
nate the DC level of electrode signals; it also 
eliminates movements on the visualization 
base line.
To design the high-pass filter with a 10 Hz cutoff 
frequency, an rLC circuit using the antoniou 
approximation was chosen (Figure 9) since this 
circuit presents a fast response, compared to 
the butterworth approximation [9].
Figure 9. High-pass filter (rlc 
antoniou approximation)
source: own elaboration
notch filter design is necessary to eliminate 
the 60Hz interference produced by the elec-
tric source power (Figure 10). a band-stop fil-
ter is referred to as notch when its bandwidth 
is very small. In this case the bandwidth ran-
ges from 59 to 61 Hz [9].
Figure 10. Butterworth notch filter
source: own elaboration
2.2.4.4 voltage level shifter 
Since the signal from filters is in the range 
from -5V to 5V, it is necessary to shift the 
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signal until reaching only positive values (i.e. 
from 0 to 5 volts) for the PSoC to recognize 
it. The simplest and most effective way to do 
this is to use two resistances as a voltage di-
vider. For instance: when the input voltage is 
between -5V to 0V and VCC is 5V, the output 
voltage will lie between 0V to 2.5V [9].
2.2.4.5 signal digitalization
To make an original signal digital, a PSoC mi-
crocontroller is used. This microcontroller ma-
nages the previously explained blocks, in the 
following order: PGa to get stability of input 
signal, low-pass filter to limit the higher work 
frequency; then, an 8-bit aDC conversion takes 
place, and finally, the signal is sent to a compu-
ter using the uSbuarT module, which emula-
tes an rS232 port through a uSb connection.
2.3. case study
a 4-channel electromyography device allows 
visualizing signals generated by the muscles 
on a computer, using an uSb communication 
port. There were 6 phases to the study [16]. 
Signal conditioning was conducted using an 
instrumentation amplifier, two analog filters 
(high-pass and band-stop previously explai-
ned) and the signal processing in the PSoC. .
The PSoC program is twofold, namely hard-
ware design and software design. Hardware 
design uses the most important features of 
PSoC microcontrollers: i) re-configurability, 
which allows multiple configurations in the 
design, and dynamic changes of these con-
figurations at any time while the device is 
working. This means that it is possible to im-
plement new designs in the same configura-
ble blocks. In this case the hardware design 
has a main configuration (always available) 
and other four loadable configurations, since 
the amount of programmable blocks in the 
used PSoC might not be enough. The main 
configuration contains the uSbuarT com-
munication module to send digitalized data to 
a computer. The four loadable configurations 
serve as sample channels. These channels 
have the same modules and characteristics, 
although the only difference is the analog 
input pin. each configuration has a program-
mable gain amplifier (PGa) with a gain of 1 to 
stabilize the input signal, also a low pass filter 
with 500Hz cutoff frequency and a high speed 
Delta-Sigma aDC of 8 bits (Figure 11). 
Figure 11. reconfigurable blocks 
of Psoc design
source: own elaboration
3. results 
The final prototype is the assembly of all 
blocks already explained. Figure 12 and Table 
1 illustrate the constituent parts together.
Figure 12. Block diagram of final device
source: own elaboration
table 1. technical characteristics
Channels 4
Sample frequency 1.2 KHz
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A/D Delta-Sigma 8 Bits
High-pass filter 10 Hz
Low-pass filter 500 Hz
Stop-band filter 59 – 61 Hz
Common mode reject 
rate 120dB
Time per channel 0.388 ms
Battery autonomy 3 Hours
Communication USB
source: own elaboration
One of the main targets of this investigation 
is to achieve an electromyography competiti-
ve device in terms of functionality and price, 
since there is already a lot of similar equip-
ment (Cadwell Sierra Console, bitmed emG 
micro, and others). The price of this device is 
just over forty percent of other devices.
•	 To obtain the different states of muscles, 
50 tests were conducted on biceps. The-
se tests yielded an error of 5% compared 
with regular electromyography equipment 
at the roosevelt Institute (in bogotá). 
•	 The hardware designed is able to acqui-
re and process emG surface signals. It 
is composed basically of instrumentation 
amplifiers (Ina128), analog filters, a PSoC 
CY8C24894-24LFXI microcontroller and 
a uSb interface, [17]. This assembly also 
works as a development and testing board 
because it has multiple inputs and outputs 
available, namely LeDs, switches, LCD 
screen, two power sources, etc. 
4. result analysis
•	 biomedical equipment is highly sensitive 
to any noise source; therefore the quali-
ty of internal and external connections is 
very important to reach a good performan-
ce of the device.
•	 It is advisable to use batteries instead of 
the electric grid as a power source to avoid 
any type of noise; however it is possible 
to use a switched power source for conti-
nuous use.
•	 For instrumentation amplifiers it is better 
to have a variable rg (Gain resistance), to 
allow fine adjustments to take place de-
pending on the needs or on the obtained 
signal characteristics.
•	 To obtain a clear and noiseless signal (elec-
tromyography case), it is necessary to use 
three filters: a high-pass filter at 10 Hz to 
eliminate DC voltage from electrodes and 
visualization base line movements, a stop-
band filter at 60 Hz (or 50 Hz) to avoid 
electric network noise, and a low-pass fil-
ter at 500 Hz. 
•	 The use of surface mount PSoC (CY8C24 
894-24PXI) allows us to significantly redu-
ce the cost and size of the circuit.
•	 The implemented software, using Lab-
VIeW for electromyography visualization, 
is designed under a simple graphic envi-
ronment and is also user-friendly; additio-
nally this software can be modified depen-
ding on the particular needs.
•	 For eCG and eeG it is mandatory to im-
plement a special circuit to electrically 
isolate patients from the electronic devi-
ce and reach the lowest electric discharge 
risk level during measurements.
•	 It is possible to use new families of PSoC 
(i.e. PSoC 3 and PSoC 5) with a higher 
number of programmable blocks so as to 
implement new electro-potential measu-
rement systems and reduce the amount 
of external devices needed, e.g. an imple-
mentation with all filters inside the PSoC.
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•	 Designers can implement the required 
filters (either digital or analog) depending 
on the specific dependences or available 
resources of the PSoC used.
•	 by using the re-configurability feature of 
PSoC microcontrollers, it is easy to obtain 
a generic bio-potential measurement sys-
tem in a single device (electromyography, 
electroencephalography and electrocar-
diography) using different configurations, 
with different cutoff frequencies for filters.
6. conclusions
•	 Performance and quality of biomedical 
equipment depends directly on the preci-
sion of interpretation of the necessary sig-
nals for diagnosis. From this point of view 
PSoC microcontrollers allow improving 
the biomedical equipment performance, 
reducing their sensitivity to harmonic 
sources and noise; also increasing flexi-
bility through scalable options as well as 
requiring smaller space and less money.
•	 The filtering stages are very important to 
obtain a clear and reliable input signal. This 
research shows the necessity of implemen-
ting these stages through three filters: (1) a 
high-pass filter at 10 Hz, which eliminates 
DC signal levels, (2) a notch stop-band fil-
ter of 60 Hz and (3) a low-pass filter of 500 
Hz. For electroencephalography and elec-
trocardiography it is necessary to change 
cutoff frequencies to their own needs.
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